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The presence of a zero texture in the neutrino mass matrix can indicate the presence of an underlying symme-
try which can generate neutrino mass and mixing. In this paper, for the first time we study the four-zero textures
of the low energy neutrino mass matrix in the presence of an extra light-sterile neutrino i.e., the 3+1 neutrino
scheme. In our analysis we find that out of the 210 possible four-zero textures only 15 textures are allowed. We
divide the allowed four-zero textures into two classes – class A in which the value of mass matrix element Mee
is zero and class B in which Mee is non-zero. In this way we obtain ten possible four-zero textures in class A
and five possible four-zero textures in class B. In our analysis we find that, for normal hierarchy the allowed
number of textures in class A (B) is nine (three). For the case of inverted hierarchy we find that, two textures
in class A are disallowed and these textures are different from the disallowed textures for normal hierarchy in
class A. However, we find that all the five textures in class B are allowed for the inverted hierarchy. Based on
analytic expressions for the elements Mαβ , we discuss the reasons for certain textures being disallowed. We
also discuss the correlations between the different parameters of the allowed textures. Finally, we present the
implications of our study on experimental searches for neutrinoless double beta decay.
PACS numbers: 12.60.-i,12.60.Cn,14.60.Pq
I. INTRODUCTION
Non-zero neutrino masses and large leptonic mixing have
been reported and confirmed by several experiments [1–6]
over the last twenty years. The Standard Model (SM) of par-
ticle physics whose last missing piece, the Higgs boson was
discovered at the Large Hadron Collider (LHC) in 2012, fails
to explain the non-zero neutrino masses and mixing due to the
absence of right-handed neutrinos, thereby forbidding a renor-
malizable mass term similar to the charged fermions. Conse-
quently, there have been overwhelming experimental and the-
oretical efforts in the particle physics community to under-
stand the new physics behind it. Even if the SM is extended
by including three right-handed neutrinos and hence allowing
Dirac mass terms, the corresponding Dirac Yukawa couplings
have to be fine tuned to the level of 10−12 in order to generate
sub-eV neutrino masses. This led to the adoption of the pop-
ular seesaw mechanism for generating tiny neutrino masses.
In this mechanism, neutrino masses originate from the see-
saw between the electroweak scale and the scale of additional
heavy particles introduced. Seesaw models can be broadly
divided into three types: type I [7–11], type II [12–18] and
type III [19]. All these models can successfully explain the
sub-eV scale neutrino masses and their mixings which have
been confirmed again by the recent experiments MINOS [20],
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T2K [21], NOνA [22], Double ChooZ [23], Daya-Bay [24]
and RENO [25]. Various global fits of the world data to neu-
trino oscillation parameters have provided us with their best-
fit values and 3σ allowed ranges [26–28].
If neutrinos are Majorana fermions whose masses originate
from conventional seesaw mechanisms, then two Majorana
CP phases also appear in the mixing matrix. However, they do
not affect neutrino oscillation probabilities and hence remain
undetermined at neutrino oscillation experiments. Apart from
the Majorana CP phases, the absolute neutrino mass is also
unknown as the experiments can measure only the two mass-
squared differences. We however, have an upper bound on
the lightest neutrino mass from the Planck data in terms of the
sum of absolute neutrino masses
∑
i|mi| < 0.23 eV [29]. The
neutrino parameters like absolute neutrino mass and Majorana
CP phases which remain undetermined at neutrino oscilla-
tion experiments can however, have interesting consequences
at neutrinoless double beta decay (NDBD) experiments like
KamLAND-Zen [30] and GERDA [31] based on Xenon-136
and Germanium-76 nuclei, respectively.
Apart from the three sub-eV scale active neutrinos, some
experiments also suggest the presence of additional light ster-
ile neutrinos at the eV scale1. Data from the nine year Wilkin-
son Microwave Anisotropy Probe (WMAP) point towards
the existence of additional light degrees of freedom Neff =
3.84 ± 0.40 [33]. But the recent Planck data show that it is
possible to have one extra light sterile neutrino in the eV scale
only if one deviates from the standard ΛCDM model [29].
However, the issue of the existence of light sterile neutrinos is
1 For a review, see Ref. [32].
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2not yet settled due to anomalies found in accelerator and reac-
tor based neutrino experiments. The LSND accelerator exper-
iment saw anomalies in the anti-neutrino flux [34] that could
not be explained with the three-neutrino oscillation picture.
Subsequently the antineutrino results from MiniBooNE [35]
also supported the LSND findings. Similar anomalies have
also been observed at reactor neutrino experiments [36] as
well as gallium solar neutrino experiments [37, 38]. Although
the Planck results do not favor such light sterile neutrinos,
there could be unknown non-standard cosmology behind the
existence of such relativistic degrees of freedom which do not
show up in cosmological observations. Some interesting dis-
cussions on light sterile neutrinos from the point of view of
cosmology as well as oscillation experiments can be found
in Ref. [39–42] and references therein. This has generated a
new challenge and some activities in order to develop a parti-
cle physics model to accommodate light sterile neutrinos and
their mixing with active neutrinos, as well as to have a consis-
tent cosmological model.
In a three active and one sterile neutrino framework, the
light neutrino mass matrix is a 4× 4 complex symmetric ma-
trix, assuming the neutrinos to be Majorana particles. Irre-
spective of the dynamical origin of such a mass matrix, this
can be parametrized by four masses, six angles and six phases,
a total of sixteen parameters. Since many of these parameters
are not accurately determined by experiments, one can con-
sider them to be free parameters. However, if the underlying
symmetry of the theory is such that it relates some of these
parameters or fixes them to some numerical values, then the
model becomes more predictive and can be tested in the ongo-
ing experiments. One such scenario is the zero texture models
where some of the elements in the leptonic mass matrices are
zero. For a survey of such zero textures in lepton mass matri-
ces, we refer to the recent article Ref. [43]. Different possible
flavor symmetries can be responsible for such zero textures in
the mass matrices [44–55] within the framework of different
seesaw models. Several earlier studies related to zero textures
in the three neutrino picture can be found in Refs. [55–73].
Recently, the possibilities of such zero textures were explored
in the case of three active and one sterile neutrino (the 3 + 1
framework) as well [74–77]. The possibilities of one-zero,
two-zero, three-zero textures have already been explored in
these works. The authors of these works have pointed out the
allowed zero texture mass matrices from the available data of
the mixing angles and mass squared differences. In this work,
for the first time, we study the possibility of four-zero textures
in the 4× 4 mass matrix of the 3 + 1 neutrino scenario.
The paper is organized as follows. In Section II, we discuss
the parametrization of the 4 × 4 low energy neutrino mass
matrix in the 3+1 scenario and the methodology that we adopt
to obtain the viable textures. In Section III, we present our
numerical results along with the analytical explanations. In
Section IV, we discuss the origin of the four-zero texture via
flavor symmetries and finally we summarize our results in
Section V.
II. FOUR-ZERO TEXTURES IN 3 + 1 SCENARIO
For our analysis we choose a basis where the charge lepton
mass matrix is diagonal. Therefore the lepton mixing matrix is
simply Uν = UPMNS = U . Hence any complex symmetric
4× 4 light neutrino mass matrix can be written as
Mν = UM
diag
ν U
T , (1)
where M diagν = diag(m1,m2,m3,m4) is the diagonal form
of the light neutrino mass matrix. As already mentioned,
the diagonalizing matrix U is the 4 × 4 version of the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing
matrix which can be written as
U = V P,
where V is the mixing matrix for Dirac neutrinos containing
six angles and three Dirac phases and P is a diagonal ma-
trix containing three Majorana phases. The matrix V can be
parametrized as [78]
V = R34R˜24R˜14R23R˜13R12, (2)
where the rotation matrices R, R˜ can be further parametrized
as (for example R34 and R˜14)
R34 =
1 0 0 00 1 0 00 0 c34 s34
0 0 −s34 c34
 , (3)
R˜14 =

c14 0 0 s14e
−iδ14
0 1 0 0
0 0 1 0
−s14eiδ14 0 0 c14
 , (4)
where cij = cos θij , sij = sin θij and δij are the
Dirac CP phases. The diagonal phase matrix is given by
P = diag(1, e−iα/2, e−i(β/2−δ13), e−i(γ/2−δ14)) which con-
tains three Majorana phases. In our choice of parametrization,
all the phases can vary from −pi to pi. For normal hierarchy
(i.e., NH: m3 > m2 > m1), the light neutrino mass matrix in
the mass basis can be written as
M diagν = diag(m1,
√
m21 + ∆m
2
21,
√
m21 + ∆m
2
31,
√
m21 + ∆m
2
41), (5)
where ∆m2ij = m
2
i −m2j . Similarly for inverted hierarchy (i.e., IH: m2 > m1 > m3), the diagonal mass matrix is
M diagν = diag(
√
m23 −∆m232 −∆m221,
√
m23 −∆m232,m3,
√
m23 + ∆m
2
43). (6)
3If neutrinos are Majorana fermions as predicted by the con-
ventional seesaw mechanisms, then the 4 × 4 neutrino mass
matrix in the 3 + 1 neutrino scenario is complex symmetric
and hence has ten independent complex elements. If n num-
ber of elements among them are assumed to be zero then the
total number of structurally different Majorana neutrino mass
matrices with n-zero texture is
10Cn =
10!
n!(10− n)! . (7)
Thus for n = 4, there are in total 210 possible four-zero tex-
tures. But out of them, 195 textures can be ruled by the fol-
lowing argument. In the previous work on two-zero textures
in the 3 + 1 neutrino framework [74], it was shown that the
simultaneous existence of zeros in active and extended sterile
sector is phenomenologically disallowed. Thus two-zero tex-
tures are only possible in the first 3×3 block of the 4×4 mass
matrix. Since two-zero textures are only a subset of four-zero
textures, we only need to consider the possibility of having all
the four zeros in the 3×3 block of the 4×4 mass matrix. This
rules out 195 of the possible four-zero textures. Considering
all the four-zero textures to be in the first 3 × 3 block of the
4 × 4 neutrino mass matrix, the total number of independent
texture zero mass matrices are 6C4 = 15. We divide them into
two classes: four-zero textures with Mee = 0 (class A) and
four-zero textures with Mee 6= 0 (class B). The 15 possible
texture zero matrices are listed below:
A1 :
0 0 × ×0 0 × ×× × 0 ×
× × × ×
 , A2 :
0 × 0 ×× 0 × ×0 × 0 ×
× × × ×
 , A3 :
0 × × ×× 0 0 ×× 0 0 ×
× × × ×
 ; (8)
A4 :
0 0 0 ×0 0 × ×0 × × ×
× × × ×
 , A5 :
0 0 × ×0 0 0 ×× 0 × ×
× × × ×
 , A6 :
0 × 0 ×× 0 0 ×0 0 × ×
× × × ×
 ,
A7 :
0 0 0 ×0 × × ×0 × 0 ×
× × × ×
 , A8 :
0 0 × ×0 × 0 ×× 0 0 ×
× × × ×
 , A9 :
0 × 0 ×× × 0 ×0 0 0 ×
× × × ×
 ,
A10 :
0 0 0 ×0 × 0 ×0 0 × ×
× × × ×
 , B1 :
× 0 × ×0 0 0 ×× 0 0 ×
× × × ×
 , B2 :
× × 0 ×× 0 0 ×0 0 0 ×
× × × ×
 ,
B3 :
× 0 0 ×0 0 × ×0 × 0 ×
× × × ×
 , B4 :
× 0 0 ×0 0 0 ×0 0 × ×
× × × ×
 , B5 :
× 0 0 ×0 × 0 ×0 0 0 ×
× × × ×
 .
We see that there are ten four-zero textures in class A and five
four-zero textures in class B. Using the parametrization men-
tioned above, the elements of the 4 × 4 complex symmetric
light neutrino mass matrix (cf. Eq. 1) can be written in terms
of sixteen parameters 2. These sixteen parameters are: four
mass eigenvalues i.e., m1, m2, m3, m4, six mixing angles
i.e., θ12, θ23, θ13, θ14, θ24, θ34 and six phases i.e., δ13, δ14,
δ24, α, β, γ.
The four-zero texture condition of Eq. 1 can be written as,
aim1 + bim2 + cim3 + dim4 = 0, (i ∈ {1− 4}) (9)
which is a system of four non-linear complex algebraic equa-
tions. To solve this, we proceed in the following way. We
2 The full expressions of all the elements are given in Appendix A.
decompose the four complex equations into eight real equa-
tions by setting the real part and imaginary part individually
to be zero i.e.,
a′im1 + b
′
i
√
m21 + ∆m
2
21 (10)
+ c′i
√
m21 + ∆m
2
31 + d
′
i
√
m21 + ∆m
2
41 = 0 (for NH) ,
a′i
√
m23 + ∆m
2
32 −∆m221 + (11)
b′i
√
m23 + ∆m
2
32 + c
′
im3 + d
′
i
√
m23 + ∆m
2
43 = 0 (for IH) ,
where i ∈ {1 − 8}. Now we have eight equations and six-
teen variables. In order to solve it, we supply the input val-
ues of the eight parameters ∆m221, ∆m
2
31 (∆m
2
32), ∆m
2
41
(∆m243), θ12, θ23, θ13, θ14, θ24 randomly within their allowed
ranges and solve for the remaining eight parameters i.e., m1
(m3), θ34 and the six phases for NH (IH) using the damped
4Possibility NH IH
Allowed in class A A1, A2, A4, A5, A6, A1, A2, A3, A4,
A7, A8, A9, A10 A5, A6, A7, A8
Disallowed in class A A3 A9, A10
Allowed in class B B3, B4, B5 B1, B2, B3, B4, B5
Disallowed in class B B1, B2 –
TABLE I. The allowed and disallowed four-zero textures
Newton-Raphson method. If the solutions satisfy the condi-
tion m1 (m3) > 0 and θ34 is within its allowed values, then
that texture will be allowed in NH (IH). The allowed ranges
used for the active neutrino parameters are consistent with the
3σ ranges of the present global fits [26–28]. For the sterile
neutrino parameters, we vary θ14 between 0◦ to 20◦, θ24 be-
tween 0◦ to 11.5◦ and ∆m241 (∆m
2
43) between (0.7 - 2.5) eV
2.
The allowed range of θ34 is taken as 0◦ < θ34 < 30◦ [79].
The constraints on θ14 can be drawn from Ref. [80]. For θ24
and θ34, one can refer to Ref. [81, 82]. These experiments
exclude a part of the sin2 θi4(i = 1, 2, 3) − ∆m241 parame-
ter space with which their data is not compatible. As a re-
sult, they put only an upper limit on the mixing angles (cor-
related with mass-squared difference) because they analyse
stand-alone data. Ref. [79] does a global analysis of the avail-
able data and provides constraints on the active-sterile mix-
ings where the lower allowed limit is greater than zero. In all
these works, the results have been quoted at different confi-
dence levels. To follow a conservative approach, we consider
the upper allowed ∼ 3σ limits of the active-sterile mixing an-
gles from Ref. [79]. However, we put their lower allowed limit
to be 0.
III. RESULTS
In this section we present our numerical results and try to
explain those results from the analytic expressions of the mass
matrix elements. In table I, we summarize our results in terms
of allowed and disallowed textures. Below we discuss them in
detail.
A. Allowed textures in class A
In class A with normal hierarchy, the allowed textures are
A1, A2, A4, A5, A6, A7, A8, A9 and A10. As all these tex-
tures have the conditionMee = 0, we analyze the mass matrix
element Mee to understand the viability of these textures and
correlation between different parameters. The expression for
Mee according to our parametrization is:
Mee = c
2
12c
2
13c
2
14m1 + e
−iαc213c
2
14m2s
2
12 (12)
+ e−iβc214m3s
2
13 + e
−iγm4s214.
The sterile term in the above equation is given bym4s214. Note
that though m4 is large as compared to mi (i = 1,2,3), but
the sterile term can be small if s214 is not very large. Putting
m1 = 0 and c13 = c14 = 1 (since θ13 and θ14 are small) in
the above equation we obtain
Mee = e
−iαm2s212 + e
−iβm3s213 + e
−iγm4s214. (13)
From this equation it is clear that when the lowest neutrino
mass vanishes, one needs very small values of θ14 for can-
cellation to occur between the active and sterile terms. For
non-zero small values of m1, the active term can still be small
depending upon the values of the Majorana phases and thus
one can have cancellations for small values of θ14. Now for
large values of m1, the active term will be dominated by the
m1 term and thus as m1 increases, one needs higher values of
θ14 to obtain cancellation between the active and sterile terms.
So we expect that in the allowed textures of class A, θ14 will
be flat for small values of the lowest mass and then it will be
an increasing function. This is clearly reflected in the upper
panels of Fig. 1. The left panel is for texture A1 and the right
panel is for texture A4. In both the panels we see that sin θ14
remains almost constant for −3 < log10(m0) < −2 and
then it rises as the lowest mass m0 (= m1 for NH) increases.
Note that we have followed a conservative approach for lower
bounds on active sterile mixing angles by taking them to be
zero. However if one takes a lower allowed value of θ14 that
is greater than zero from the global analysis [79], then we will
not get Mee = 0 for very small values of m1 and NH will be
excluded in this region where m1 → 0.
From Eq. 13, one can also understand that, in these cases,
the Majorana phases have an important role to play in obtain-
ing Mee = 0. In the lower panels of Fig. 1, we have plotted
the Majorana phase γ for the A1 texture. From these plots we
can see that the value of γ is constrained around ±pi whereas
the phases α and β are unconstrained. This is expected be-
cause for these values of γ, the sterile term acquires a negative
sign which is required for cancellation with the active terms
to achieve Mee = 0. These correlations are characteristic of
all the allowed textures in class A for normal hierarchy.
The conclusions for inverted hierarchy in class A are quite
similar to normal hierarchy. For inverted hierarchy, the al-
lowed textures in class A are A1, A2, A3, A4, A5, A6, A7 and
A8. Among these, the texture A3 is allowed only for small
m3 values whereas A6 is allowed for both smaller and higher
values of m3. Apart from A3 and A6, we find that lower val-
ues of m3 are not allowed in any of the remaining textures
in A class for IH. In Fig. 2, we have plotted the correlations
between the different parameters for IH. The left panel is for
texture A1 and the right panel is for texture A3. From the up-
per left panel we can see that sin θ14 is a rising function of the
lowest massm0 (= m3 for IH) and in the upper right panel an
anti-correlation between sin θ14 and m0 is observed. As men-
tioned earlier, from the figures we also see that for the texture
A1 lower values of m0 are not allowed and the texture A3 is
allowed only for lower values of m0. Similar to NH, here also
we found that the Majorana phase γ is strongly constrained
around ±pi (lower panels of Fig. 2). Though we have shown
our results only for texture A1 and A4, the conclusions drawn
in this section are also applicable for all the other allowed tex-
tures in class A.
5FIG. 1. Correlation plots in class A for NH. Top right panel is for texture A4 and others are for texture A1.
B. Disallowed textures in class A
For NH in class A , only A3 texture is phenomenologically
disallowed. Apart from Mee = 0, this texture satisfies the
condition Mµµ = Mµτ = Mττ = 0. To explain why this
texture is disallowed for NH but allowed IH, we refer to the
lower panels of Fig. 5 of Ref. [76]. In those panels, it is
shown that Mµµ = Mµτ = Mττ = 0 (= C3, following the
notation of this reference) is only possible for NH if θ14 has
very large values (θ14 > 50◦). Such large values are disal-
lowed by the current data. But for IH, the allowed range for
θ14 with C3 = 0, is 0◦ < θ14 < 80◦ which includes values of
θ14 allowed by the current data. This explains why the texture
A3 is disallowed for NH but allowed for IH.
For IH, the disallowed textures in class A are A9 and A10.
Apart from Mee = 0, in A9 we have the condition E3 =
Meτ = Mµτ = Mττ = 0 and in A10, we have F = Meµ =
Meτ = Mµτ = 0. The results of Ref. [76] show that both E3
= 0 and F = 0 are allowed for NH and IH. But E3 = 0 for IH
and F = 0, prefer α = pi (cf. Table VI of Ref. [76]). From
the lower panels of Fig. 2, we note that α = 0 and α = pi are
almost disallowed for IH in class A. This explains why the
textures A9 and A10 are not allowed for IH.
C. Allowed textures in class B
In class B for normal hierarchy, the allowed textures are
B3, B4 and B5. In all these three textures we have Meµ =
Meτ = 0. From the expressions of Meµ and Meτ (cf. Ap-
pendix A), we can see that in Meµ, the m4 term appears with
s14s24 and in Meτ , m4 appears with s14s34. Thus we under-
stand that to achieve cancellation between the active terms and
the sterile term, either s14 or one of s24 and s34 has to always
be small for completely hierarchical mass spectrum. In Fig. 3,
we have given the correlations plots for the class B. The left
column corresponds to the B3 texture. In both the panels we
can see that sin θ24 and sin θ34 prefer to have values on the
higher side, whereas sin θ14 remains unconstrained. In our
analysis we find that the nature of correlation between sin θ24
(sin θ34) and sin θ14 for B3 texture is similar as that of B4
(B5) texture. But the correlation between sin θ24 (sin θ34) and
sin θ14 inB5 (B4) is different as can be seen from the top right
(bottom right) panel of Fig. 3. From these figures we can see
that, sin θ24 (sin θ34) and sin θ14 can not both have very large
or very small values simultaneously in B5 (B4) textures.
For IH, all the textures in class B are allowed. The texture
B1 contains Meµ = 0 and B2 contains Meτ = 0, whereas
B3, B4 and B5 contain Meµ = Meτ = 0. The full expression
for Meµ according to our parametrization is given by
6FIG. 2. Correlation plots in class A for IH. Left column corresponds to texture A1 and the right column corresponds to texture A3.
Meµ = −e−iδ24c14
(
eiδ24c12c13c23c24
(
m1 − e−iαm2
)
s12 − ei
(
δ13+δ24
)
c13c24
(
e−iβm3 − e−iαm2s212
)
s13s23 (14)
+ ei
(
2α+δ14
)
c213m2s
2
12s14s24 − eiδ14
(
e−iγm4 − e−iβm3s213
)
s14s24 + c
2
12c13m1
(
ei
(
δ13+δ24
)
c24s13s23 + e
iδ14c13s14s24
))
Putting m3 = 0 with m1 = m2 =
√
|∆m232| (using ∆m221  ∆m232), c13 = c14 = c24 = 1 and keeping terms up to the second
order of the small parameters θ14, θ24 and θ13, Meµ = 0 condition reduces to
Meµ = c12s12c23(e
−iα − 1)− s23s13eiδ13(c212 + s212e−iα)− ei(δ14−δ24)s14s24
(
c212 − e−iγ
√
∆m243
|∆m232|
+ e−iαs212
)
= 0 (15)
Now further putting α = γ = 0 and all the Dirac phases as pi,
we obtain
s23s13 − (1−
√
∆m243
|∆m232|
)s14s24 = 0. (16)
Under the similar approximation, the simplified expression of
Meτ = 0 can be written as
s13(c23c34 + s23s34s24) + (17)
s34s14(1−
√
∆m243
|∆m232|
) = 0.
From both the equations we notice that, when the phase α
goes to 0, there are no leading order terms i.e., terms that con-
tain the small parameters s13, s24 and s14 are absent. Thus
for inverted hierarchy, to obtain four-zero texture in class B
one of the angles that appears with the m4 term in Meµ and
Meτ has to be very small at α = 0. In Fig. 4, we present the
correlation plots for B1 texture. From these plots we see that
when the phase α is equals to zero, sin θ14 is very small but
as α deviates from zero, larger values of sin θ14 get preferred
(top left panel of Fig. 4). But on the other hand, we observe
the reverse features for sin θ24 and sin θ34. For α = 0, these
angles prefer higher values and for α = ±pi, lower values of
sin θ14 and sin θ24 get allowed (top right and bottom left pan-
els of Fig. 4). Note that when m3 = 0, the equations of Meµ
and Meτ contains the Majorana phases α and γ. Thus to see
their nature, in the bottom right panel of Fig. 4, we present the
7FIG. 3. Correlation plots in class B for NH. Left column corresponds to B3 texture. The top right panel corresponds to B5 texture and bottom
right panel correspond to B4 texture.
correlation plot in the α -γ plane for the B1 texture. In that
plot we see that γ = ±pi is strictly disallowed. The correla-
tions plots presented in Fig. 4 are similar for all the allowed
textures in B class for inverted hierarchy.
D. Disallowed textures in class B
In class B, the textures B1 and B2 are not allowed for NH
but they are allowed for IH. This is simply because, these tex-
tures also contains the structure C3 = 0 which is disallowed
in NH and allowed in IH for the values of θ14 considered in
our analysis. For IH, there are no disallowed textures in class
B.
E. Implications for neutrinoless double beta decay
The effective Majorana mass Mee is important because the
neutrinoless double beta decay (NDBD) experiments can give
an upper bound on Mee. The latest bound on Mee comes
from the combined analysis of KamLAND-ZEN and EXO-
200 [30] and the value turns out to be Mee < (0.12 - 0.25)
eV at 90% C.L, where the width arises due to the uncertainty
in the nuclear matrix elements3. Finally in Fig. 5, we present
the predictions for the effective Majorana mass Mee for all
the allowed textures in B class. For NH, we have given the
plots for the textures B3 and B4 (upper panels). The predic-
tion for B5 is similar as that of B4. For IH, we present the
same for the textures B1, B3, B4, B5. We do not show the
corresponding plot for the textureB2 as this has the same pre-
diction for Mee as that of texture B1. For B4 (and B5) with
NH, it is seen from top right panel of Fig. 5 that the predictions
for Mee lie below the current experimental bound for lightest
neutrino mass up to around 0.1 eV. On the other hand, for B3
texture with NH, certain predictions for Mee will be ruled out
by current bounds. These values of Mee correspond to higher
values of lightest neutrino mass m0 (in this case m1) ≥ 0.1
eV. In the case of IH, the predicted values of Mee are either
very close to the present experimental bound or ruled out by
current bounds for larger values of the lightest mass (in this
case m3). In all these textures there are values of Mee that lie
below the present experimental bound when the lightest mass
is small. For textures B1, B4, B5 with IH, certain values of
the lightest neutrino mass smaller than 0.01 eV can get ruled
out from the current experimental bounds, as can be seen from
Fig. 5.
3 According to the most recent KamLAND-ZEN results, the upper bound on
Mee is (0.06 - 0.16) eV at 90% C.L. [83].
8FIG. 4. Correlation plots in class B for IH. All plots are for texture B1.
Fermion Fields SU(3)c × SU(2)L × U(1)Y Z3 × Z3
Le (1, 2,−1) (ω, 1)
Lµ (1, 2,−1) (ω, 1)
Lτ (1, 2,−1) (ω2, 1)
νs (1, 1, 0) (1, ω)
Scalar Fields SU(3)c × SU(2)L × U(1)Y Z3 × Z3
∆1 (1, 3, 2) (1, 1)
∆2 (1, 3, 2) (ω
2, ω)
∆3 (1, 3, 2) (ω, ω)
S1 (1, 2,−1) (1, ω)
H (1, 2, 1) (1, 1)
χ (1, 1, 0) (ω, 1)
TABLE II. Fields responsible for 4 × 4 light neutrino mass matrix
with four-zero texture
IV. FLAVOR SYMMETRY ORIGIN OF FOUR-ZERO
TEXTURE
Since the zero textures appear only in the 3×3 block of the
4 × 4 mass matrix, they can be explained by different flavor
symmetry frameworks. Some possible models are discussed
in Ref. [46–55] in the context of zero textures in three neu-
trino picture. As an illustrative example, here we show how
a particular four-zero texture can be realized within type II
seesaw framework [12–18]. The mixing terms between active
and sterile neutrino sectors must however, arise from a differ-
ent mechanism as we can not have a type II seesaw term for
active-sterile or sterile-sterile mass terms due to the singlet
nature of sterile neutrinos under the electroweak gauge sym-
metry. Several new physics mechanisms have been proposed
recently [84–93] in order to accommodate light sterile neutri-
nos with masses in the eV-keV range. In a model with type
II seesaw for active neutrino masses, if we add a sterile neu-
trino, one can in principle have tree level active-sterile mixing
through the standard model Higgs and also a bare mass term
for the sterile neutrino. However, to keep the sterile neutrino
mass at eV scale and active-sterile mixing terms at sub-eV
scale, one needs to tune the Yukawa couplings and the bare
mass term in an unnatural way. This invokes the presence of
additional new dynamics responsible for such tiny mass ma-
trix elements. In this section, we show the active-sterile and
sterile-sterile interaction terms to originate from an effective
theory point of view without choosing a particular UV com-
plete theory of new physics. A discrete flavor symmetry and
the transformation of the fields under this symmetry are cho-
sen in such way that it generates the desired texture zeros in
the active neutrino block through tree level type II seesaw, and
active-sterile, sterile-sterile mass terms arise only through di-
mension five operators.
The four-zero texture pattern in the mass matrix denoted by
A1 above can be explained by considering an additional dis-
9FIG. 5. Mee prediction plots in class B. The upper panels are for NH. The middle and lower panels are for IH. The blue horizontal band
corresponds to the current experimental bound on Mee from combined results of KamLAND and EXO-200 [30].
crete symmetry Z3 × Z3 and a few scalar fields whose trans-
formations are shown in table II. This allows us to write the
following Yukawa Lagrangian up to dimension five responsi-
ble for the desired four-zero texture of the mass matrix A1.
LYukawa ⊂ YeτLTe Ciσ2∆1Lτ + YµτLTµCiσ2∆1Lτ +
Yes
Λ
LTe Ciσ2∆2S1νs +
Yµs
Λ
LTµCiσ2∆2S1νs
+
Yτs
Λ
LTτ Ciσ2∆3S1νs +
Yss
Λ
νsνsS1H (18)
The relevant part of the scalar Lagrangian can be written as
10
LScalar ⊂ −µ2HH†H +
λH
4
(H†H)2 − µ2SS†1S1 +
λS
4
(S†1S1)
2 + µ2∆i∆
†
i∆i +
λ∆i
4
(∆†i∆i)
2 − µ2χχ†χ+
λχ
4
(χ†χ)2
+ (µ1H
T∆†1H + λ1S
T
1 ∆2S1χ+ λ2S
T
1 ∆3S1
χ2
Λ
+ h.c.) (19)
The neutral components of scalar doublets H,S1 acquires
non-zero vacuum expectation value (vev) leading to sponta-
neous electroweak symmetry breaking and non-zero charged
fermion masses. The neutrino masses are however, propor-
tional to the vev’s of the neutral components of the scalar
triplet fields. Precision constraints on the electroweak ρ pa-
rameter restricts the triplet vev to vL ≤ 2 GeV [94]. This
can be satisfied naturally in the model, if the neutral com-
ponent of the scalar triplet acquires an induced vev after the
electroweak symmetry breaking. Minimization of the above
scalar Lagrangian with respect to these neutral components of
the triplets give rise to
〈∆01〉 ≈
µ1〈H0〉2
µ2∆1
, 〈∆02〉 ≈
λ1〈S01〉2〈χ〉
µ2∆2
, 〈∆03〉 ≈
λ2〈S01〉2〈χ〉2
µ2∆3Λ
(20)
It can be seen that the neutral component of the scalar triplet
∆1 can acquire an induced vev after the scalar doublet H ac-
quires a non-zero vev leading to electroweak symmetry break-
ing. This can generate the first 3 × 3 block of the 4 × 4
light neutrino mass matrix. However, in order to generate the
active-sterile and sterile-sterile mass terms, the neutral com-
ponents of the other two scalar triplets ∆2,3 must acquire a
tiny induced vev. As it turns out, this is possible only when
both the scalar doublet S1 and the scalar singlet χ acquire
non-zero vev’s which thereby induce a tiny vev to the neu-
tral components of ∆2,3 as can be seen from equation (20).
The trilinear and quartic couplings as well as the bare mass
terms of the triplet scalars in the above expressions (20) can
be adjusted in such a way that results in tiny triplet vev’s, gen-
erating the elements of the 4 × 4 light neutrino mass matrix.
The first 3× 3 block of mass matrix A1 is generated by ordi-
nary type II seesaw mechanism whereas the terms involving
sterile neutrino νs arise from dimension five effective terms
indicating the presence of new physics at cut-off scale Λ re-
sponsible for tiny sterile neutrino mass and its mixing with
active neutrinos. The additional discrete symmetry Z3 × Z3
is chosen such that it does not allow the bare mass term of
sterile neutrino Msνsνs, as it would be unnatural to have Ms
at eV scale in that case. The vacuum expectation values of
three triplet and two doublet scalars can be adjusted in a way
that the above terms give rise to a 4 × 4 Majorana neutrino
mass matrix with all entries at sub-eV to eV scale apart from
the texture zero elements. A full discussion on UV complete-
ness of such scenarios can be found elsewhere and we do not
pursue it further in this work.
V. SUMMARY
In this work, we have studied the possibility of having four
zeros in the low energy neutrino mass matrix where the light
neutrino sector consists of three active and one sterile neu-
trino at eV scale. Considering the neutrinos to be Majorana
particles resulting in a complex symmetric 4× 4 mass matrix,
we parametrise it using four mass eigenvalues, six mixing an-
gles and six phases: a total of sixteen parameters. Using the
global fit 3σ values of eight parameters namely, three mass
squared differences, three active neutrino mixing angles and
two active-sterile mixing angles, we solve for the other eight
parameters: lightest neutrino mass, six phases and one active-
sterile mixing angle by using the eight real constraint equa-
tions from four texture zeros. Using the earlier results which
disfavoured zero entries in Mαs, where α = e, µ, τ , we con-
sider the fifteen possible four-zero textures in the 3× 3 active
neutrino block of the 4 × 4 mass matrix. We find that, out
of these fifteen possibilities, only twelve are allowed in NH
whereas thirteen textures are allowed in IH. We have summa-
rized our results in table I. Apart from studying the viability
of the possible textures, we also find the predictions for spe-
cific neutrino parameters as well as effective neutrino mass for
neutrinoless double beta decay. Some of these correlations are
shown in Figs. 1, 2, 3, 4 and 5. We explain the correlations
from the analytical expressions of the relevant mass matrix el-
ements. In class A, one can easily understand the correlations
shown in Figs. 1, 2 just by analyzing the element Mee. Sim-
ilarly, we present the analytical understanding of the correla-
tion plots shown for the class B textures (shown in Figs. 3, 4)
by analyzing the mass matrix elements Meµ and Meτ . While
studying the prediction for the effective Majorana mass Mee
in B class, we found that some regions of the allowed param-
eter space fall in the range of current experimental sensitivity
of neutrinoless double beta decay apart from ruling out the
regions for high values of lightest neutrino mass m0 (m1 for
NH and m3 for IH) ≥ 0.1 eV. In the end, we briefly outline
a possible way of generating one such four-zero texture mass
matrix using an effective theory framework with some dis-
crete flavor symmetry. The 3 × 3 active neutrino block with
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four zeros is shown to arise from a tree level type II seesaw
mechanism whereas the active-sterile block is shown to arise
from dimension-five effective terms. We do not discuss the
details of the UV complete theory responsible for eV scale
sterile neutrino masses and leave it for future investigations.
In summary we say that the present status of light sterile
neutrinos is still very intriguing and future experiments are
expected to shed more light into these scenarios. On the other
hand, future observation or non-observation of neutrinoless
double beta decay along with the measurements of neutrino
mass hierarchy, can also give an insight towards the possibility
of the light sterile neutrinos and hence can probe the viability
of the texture zeros in the low energy neutrino mass matrix.
The results discussed in this work should be able to guide fu-
ture model building works on eV scale sterile neutrino masses
and their mixing with active neutrinos.
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Appendix A: Light neutrino mass matrix elements
Mee = c
2
12c
2
13c
2
14m1 + e
−iαc213c
2
14m2s
2
12 + e
−iβc214m3s
2
13 + e
−iγm4s214 (A1)
Meµ = −e−iδ24c14
(
eiδ24c12c13c23c24
(
m1 − e−iαm2
)
s12 − ei
(
δ13+δ24
)
c13c24
(
e−iβm3 − e−iαm2s212
)
s13s23
+ei
(
2α+δ14
)
Mc213m2s
2
12s14s24 − eiδ14
(
e−iγm4 − e−iβm3s213
)
s14s24 + c
2
12c13m1
(
ei
(
δ13+δ24
)
c24s13s23
+eiδ14c13s14s24
))
(A2)
Meτ = c14
(− ei(−α+δ14)c213c24m2s212s14s34 + eiδ14c24(e−iγm4 − e−iβm3s213)s14s34
+c12c13
(
m1 − e−iαm2
)
s12
(
c34s23 + e
iδ24c23s24s34
)
+ eiδ13c13
(
e−iβm3 − e−iαm2s212
)
s13
(
c23c34
−eiδ24s23s24s34
)− c212c13m1(eiδ13c23c34s13 + (eiδ14c13c24s14 − ei(δ13+δ24)s13s23s24)s34)) (A3)
Mµµ = e
i
(
−γ+2δ14−2δ24
)
c214m4s
2
24 + e
−iβm3
(
eiδ13c13c24s23 − ei
(
δ14−δ24
)
s13s14s24
)
2 + e−iαm2
(
c12c23c24
+s12
(− eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24))2 +m1(c23c24s12 + c12(eiδ13c24s13s23
+ei
(
δ14−δ24
)
c13s14s24
))
2 (A4)
Mµτ = e
i
(
−γ+2δ14−δ24
)
c214c24m4s24s34 + e
i
(
2β+δ13
)
m3
(
eiδ13c13c24s23 − ei
(
δ14−δ24
)
s13s14s24
)
(− e−i(δ13−δ14)c24s13s14s34 + c13(c23c34 − eiδ24s23s24s34))+m1(− c23c24s12 + c12(− eiδ13c24s13s23
−ei
(
δ14−δ24
)
c13s14s24
))(
s12
(
c34s23 + e
iδ24c23s24s34
)
+ c12
(− eiδ14c13c24s14s34 − eiδ13s13(c23c34
−eiδ24s23s24s34
)))
+ e−iαm2
(
c12c23c24 + s12
(− eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24))(− c12(c34s23
+eiδ24c23s24s34
)
+ s12
(− eiδ14c13c24s14s34 − eiδ13s13(c23c34 − eiδ24s23s24s34))) (A5)
Mττ = e
i
(
−γ+2δ14
)
c214c
2
24m4s
2
34 + e
i
(
−β+2δ13
)
m3
(
e−i
(
δ13−δ14
)
c24s13s14s34 + c13
(− c23c34 + eiδ24s23s24s34))2
+m1
(
s12
(
c34s23 + e
iδ24c23s24s34
)
+ c12
(− eiδ14c13c24s14s34 − eiδ13s13(c23c34 − eiδ24s23s24s34)))2
+e−iαm2
(
c12
(
c34s23 + e
iδ24c23s24s34
)− s12(− eiδ14c13c24s14s34 − eiδ13s13(c23c34 − eiδ24s23s24s34)))2(A6)
12
Mes = c14
(
eiδ14c24c34
(
e−iγm4 − e−iαc213m2s212 − e−iβm3s213
)
s14 − eiδ13c13
(
e−iβm3 − e−iαm2s212
)
s13(
eiδ24c34s23s24 + c23s34
)
+ c12c13
(
m1 − e−iαm2
)
s12
(
eiδ24c23c34s24 − s23s34
)
−c212c13m1
(
eiδ14c13c24c34s14 − eiδ13s13
(
eiδ24c34s23s24 + c23s34
)))
(A7)
Mµs = e
i
(
2γ+2δ14−δ24
)
c214c24c34m4s24 + e
i
(
2β+δ13
)
m3
(
eiδ13c13c24s23 − ei
(
δ14−δ24
)
s13s14s24
)
(− e−i(δ13−δ14)c24c34s13s14 − c13(eiδ24c34s23s24 + c23s34))+m1(− c23c24s12 + c12(− eiδ13c24s13s23
−ei
(
δ14−δ24
)
c13s14s24
))(
s12
(
eiδ24c23c34s24 − s23s34
)
+ c12
(− eiδ14c13c24c34s14 + eiδ13s13(eiδ24c34s23s24
+c23s34
)))
+ e−iαm2
(
c12c23c24 + s12
(− eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24))(c12(− eiδ24c23c34s24
+s23s34
)
+ s12
(− eiδ14c13c24c34s14 + eiδ13s13(eiδ24c34s23s24 + c23s34))) (A8)
Mτs = e
i
(
−γ+2δ14
)
c214c
2
24c34m4s34 + e
i
(
−β+2δ13
)
m3
(− e−i(δ13−δ14)c24c34s13s14 − c13(eiδ24c34s23s24 + c23s34))(− e−i(δ13−δ14)c24s13s14s34 + c13(c23c34 − eiδ24s23s24s34))+m1(s12(eiδ24c23c34s24 − s23s34)
+c12
(− eiδ14c13c24c34s14 + eiδ13s13(eiδ24c34s23s24 + c23s34)))(s12(c34s23 + eiδ24c23s24s34)
+c12
(− eiδ14c13c24s14s34 − eiδ13s13(c23c34 − eiδ24s23s24s34)))+ e−iαm2(c12(− eiδ24c23c34s24 + s23s34)
+s12
(− eiδ14c13c24c34s14 + eiδ13s13(eiδ24c34s23s24 + c23s34)))(− c12(c34s23 + eiδ24c23s24s34)
+s12
(− eiδ14c13c24s14s34 − eiδ13s13(c23c34 − eiδ24s23s24s34))) (A9)
Mss = e
−i
(
γ+δ14
)
c214c
2
24c
2
34m4 + e
i
(
−β+2δ13
)
m3
(
e−i
(
δ13−δ14
)
c24c34s13s14 + c13
(
eiδ24c34s23s24 + c23s34
))
2
+m1
(
s12
(
eiδ24c23c34s24 − s23s34
)
+ c12
(− eiδ14c13c24c34s14 + eiδ13s13(eiδ24c34s23s24 + c23s34)))2
+e−iαm2
(
c12
(− eiδ24c23c34s24 + s23s34) (A10)
+s12
(− eiδ14c13c24c34s14 + eiδ13s13(eiδ24c34s23s24 + c23s34)))2
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